The second step is to determine the primary acid-base disorder and the secondary response. The range of pH that is compatible with life is 7.80 to 6.80 (a hydrogen-ion concentration [H + ] of 16 to 160 nmol per liter). 3 For the purposes of this review, the reference value for pH is 7.40±0.02, for Paco 2 , 38±2 mm Hg, and for [HCO 3 − ], 24±2 mmol per liter. The four major acid-base disturbances are defined as primary acid-base disorders (Ta ble 1 and Fig. 1 ). Empirical observations suggest that the homeostatic response to acid-base disorders is predictable and can be calculated. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] In response to metabolic acid-base disturbances, changes in the respiratory rate develop quickly, and a new steady-state Paco 2 is reached within hours. In cases of persistent respiratory abnormalities, metabolic compensation develops slowly, and 2 to 5 days are required for the plasma bicarbonate concentration to reach a new steady-state level. A respiratory change is called "acute" or "chronic" depending on whether a secondary change in the bicarbonate concentration meets certain criteria (Table 1) . Mixed acid-base disorders are diagnosed when the secondary response differs from that which would be expected. 13, [18] [19] [20] [21] [22] [23] There are several caveats concerning compensatory changes. Blood gas values can always be explained by two or more coexisting acid-base disorders. 12 The current prediction equations that are used to assess acid-base status are approximations based on nearly 40-year-old studies involving humans and dogs. 1 Experimental studies of severe chronic hypocapnia and hypercapnia in humans are not ethically feasible; thus, data are insufficient to construct confidence limits for E va luation of the Me ta bolic Component of a n Acid -Ba se Disor der
The third step in an evaluation is to consider the metabolic component of the acid-base disorder.
Metabolic Acidosis
Calculation of the anion gap is useful in the initial evaluation of metabolic acidosis. [33] [34] [35] [36] 43 owing to differences in laboratory methods. 23, 45 Consequently, clinicians should know the reference range for their own laboratory.
High-Anion-Gap Metabolic Acidosis
There are many causes of high anion-gap metabolic acidosis ( 46 The anion gap increases when the concentration of bicarbonate decreases relative to levels of sodium and chloride because of overproduction of acid (in ketoacidosis, lactic acidosis, and drug and alcohol-related intoxication), underexcretion of acid (in advanced renal failure), cell lysis (in massive rhabdomyolysis), or other circumstances (e.g., the use of penicillin-derived antibiotics).
Uses and Limitations of the Anion Gap
Lactic acidosis accounts for about half the cases of a high anion gap [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] and is often due to shock or tissue hypoxia. 44, 47 However, the anion gap is a relatively insensitive reflection of lactic acidosis -roughly half the patients with serum lactate levels between 3.0 and 5.0 mmol per liter have an anion gap within the reference range. 39, 40 The anion gap, which has a sensitivity and specificity below 80% in identifying elevated lactate levels, cannot replace a measurement of the serum lactate level. 39, 40, [47] [48] [49] [50] Nevertheless, lactate levels are not routinely measured or always rapidly available, and a high anion gap can alert the physician that further evaluation is necessary. 34, 39, 43 Unfortunately, a baseline value of the anion gap is generally not available for an individual patient. In addition, the anion gap should always be adjusted for the albumin concentration, because this weak acid may account for up to 75% of the anion gap. 36, 39, 40 Without correction for hypoalbuminemia, the estimated anion gap does not reveal a clinically significant increase in anions (>5 mmol per liter) in more than 50% of cases. For every decrement of 1 g per deciliter in the serum albumin concentration, the calculated anion gap should be increased by approximately 2.3 to 2.5 mmol per liter. 9, 36, 39, 40 Nevertheless, the albumin-corrected anion gap is merely an approximation, since it does not account for ions such as magnesium, calcium, and phosphate ions. The anion gap can help to establish the diagnosis of diabetic ketoacidosis. In patients with this condition, the anion gap can be used to track the resolution of ketosis 9, 15, 23, 33 and diagnose a normal anion-gap acidosis if large volumes of isotonic saline are administered. 50 A high anion gap with a normal lactate level in a patient with alcoholism may be an important clue for the diagnosis of alcoholic ketoacidosis. This diagnosis may be missed because the test widely used to assess keton uria (the nitroprusside test) reacts only with acetoacetate, not with β-hydroxybutyrate, the primary keto acid seen in alcoholic ketoacidosis. The pH may also be misleadingly normal or elevated because of concomitant metabolic alkalosis from vomiting or respiratory alkalosis from liver disease, pregnancy, high temperature, or sepsis. 18,51-53 The anion gap can also aid in the diagnosis of d-lactic acidosis in patients with the shortbowel syndrome, because the standard lactate level (l-lactate) remains normal while the anion gap increases. 49 A low or negative anion gap is observed when hyperchloremia is caused by high levels of cations, as seen in lithium toxicity, monoclonal IgG gammopathy, or disorders characterized by high levels of calcium or magnesium. A negative anion gap is caused by pseudohyperchloremia in bromide or iodide intoxication. 33, 36, 54 Normal Anion-Gap Acidosis
Chloride plays a central role in intracellular and extracellular acid-base regulation. 55 A normal anion-gap acidosis occurs when the decrease in bicarbonate ions corresponds with an increase in chloride ions to retain electroneutrality, which is also called hyperchloremic metabolic acidosis. This type of acidosis occurs from gastrointestinal loss of bicarbonate (e.g., because of diarrhea or ureteral diversion), from renal loss of bicarbonate that may occur in defective urinary acidification by the renal tubules (renal tubular acidosis), or in early renal failure when acid excretion is impaired. 12,56,57 Hospital-acquired hyperchloremic acidosis is usually caused by the infusion of large volumes of normal saline (0.9%). [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] Hyperchloremic acidosis should lead to increased renal excretion of ammonium, and measurement of urinary ammonium can therefore be used to differentiate between renal and extrarenal causes of normal anion-gap acidosis. However, since urinary ammonium is seldom measured, the urinary anion gap and urinary osmolal gap are often used as surrogate measures of excretion of urinary ammonium. 9, 67 The urinary anion gap
is usually negative in normal anion-gap acidosis, but it will become positive when excretion of urinary ammonium (NH 4 + ) (as ammonium chloride [NH 4 Cl]) is impaired, as in renal failure, distal renal tubular acidosis, or hypoaldosteronism. 9,67 A negative urinary anion gap occurs in normal anion-gap acidosis because of diarrhea and proximal renal tubular acidosis, in which the distal acidification is intact. 56 The urinary anion gap becomes unreliable when polyuria is present, when the urine pH exceeds 6.5, 67 or when urinary ammonium is excreted with an anion other than chloride (e.g., keto acids, acetylsalicylic acid, D-lactic acid, and large quantities of penicillin). 9 Furthermore, the acidification of the urine requires adequate distal delivery of sodium; thus, the usefulness of the urinary anion gap is questionable when the urinary sodium level is less than 20 mmol per liter. 12 In such cases, the urinary osmolal gap is generally more reliable.
The urinary osmolal gap determines the difference between measured and calculated urinary osmolality. The urinary osmolality is calculated as follows: In patients without diabetes, the glucose concentration is often omitted from this calculation. A urinary osmolal gap below 40 mmol per liter in normal anion-gap acidosis indicates impairment in excretion of urinary ammonium. The urinary osmolal gap usually reflects the level of ammonium, except in the presence of large quantities of a nondissociated acid, such as β-hydroxybutyric acid in ketoacidosis. The urinary osmolal gap, as compared with the urinary anion gap, has a better correlation with the urinary ammonium value. 9,67
Metabolic Alkalosis
The normal kidney is highly efficient at excreting large amounts of bicarbonate and, accordingly, the generation of metabolic alkalosis (Fig. 2) requires both an increase in alkali and impairment in renal excretion of bicarbonate. [68] [69] [70] [71] Loss of gastric fluid and the use of diuretics account for the majority of cases of metabolic alkalosis. By measuring chloride in urine, one can distinguish between chloride-responsive and chloride-resistant metabolic alkalosis. If the effective circulating volume is reduced, the kidneys avidly reabsorb filtered sodium, bicarbonate, and chloride, largely through activation of the renin-angiotensin-aldosterone system, thus reducing the concentration of urinary chloride.
A (spot sample) urinary chloride concentration of less than 25 mmol per liter suggests um concentration <2 mmol per liter). The administration of sodium chloride does not correct this type of metabolic alkalosis, which, for that reason, is called "chloride-resistant." Diureticinduced metabolic alkalosis is an exception because the concentration of chloride in urine may increase initially, until the diuretic effect wanes, after which the concentration will decrease to a level below 25 mmol per liter. [68] [69] [70] Other important causes of chloride-resistant metabolic alkalosis are the Bartter syndrome, the Gitelman syndrome, extreme hypercalcemia, and severe magnesium deficiency. In contrast to hyperaldosteronism, these causes are not associated with sodium retention (Fig. 2) .
Eva luation for the Pr esence of Mi x ed Me ta bolic Acid -Ba se Dis t ur b a nces
The fourth step in the evaluation of acid-base disturbances is to consider the possibility of a mixed metabolic acid-base disturbance. In high anion-gap metabolic acidosis, the magnitude of the increase in the anion gap (the delta AG, or ΔAG) is related to the decrease in the bicarbonate ions (Δ[HCO 3 − ]). To diagnose a high anion-gap acidosis with concomitant metabolic alkalosis or normal anion-gap acidosis, the so-called deltadelta (Δ-Δ) may be used. 70, 71 The delta gap is the comparison between the increase (delta) in the anion gap above the upper reference value (e.g., 12 mmol per liter) and the change (delta) in the concentration of bicarbonate ions from the lower reference value of bicarbonate ions (e.g., 24 mmol per liter). 9 In ketoacidosis, there is a 1:1 correlation between the increase in the anion gap and the decrease in the concentration of bicarbonate. In lactic acidosis, the decrease in the concentration of bicarbonate is 0.6 times the increase in the anion gap (e.g., if the anion gap increases by 10 mmol per liter, the concentration of bicarbonate should decrease by approximately 6.0 mmol per liter). This difference is probably due to the lower renal clearance of lactate as compared with keto-anions. 71 Hydrogen buffering in cells and bone takes time to reach completion. Accordingly, the ratio may be close to 1:1 with "very acute" lactic acidosis (e.g., shortly after seizures or in persons who exercise to the point of exhaustion). 71 If ΔAG -Δ[HCO 3 − ] = 0±5 mmol per liter in a patient with ketoacidosis or if 0.6 ΔAG -Δ[HCO 3 − ] = 0±5 mmol per liter in a patient with lactic acidosis, simple anion-gap metabolic acidosis is present. A difference greater than 5 mmol per liter suggests a concomitant metabolic alkalosis, and if the difference is less than −5 mmol per liter, a concomitant normal anion-gap metabolic acidosis is diagnosed.
In certain cases, normal values for concentrations of bicarbonate, Paco 2 , and pH do not ensure the absence of an acid-base disturbance. An increase in the anion gap of more than 5 mmol per liter may then be the only clue to an underlying mixed acid-base disorder. 9, 71 Because the individual anion gap and concentration of bicarbonate before the acid-base disorder are usually not known, and the ranges of normal values for the anion gap and the concentration of bicarbonate are wide, the ΔAG -Δ[HCO 3 − ] remains an approximation. 70, 71 Consider ation of the Serum (or Pl a sm a) Osmol a l Ga p
The fifth step in the evaluation of an acid-base disturbance is to note the serum osmolal gap in any patient with an unexplained high anion-gap acidosis, coma, or suspicion of ingestion of a (toxic) alcohol and in hospitalized patients with an increased risk of iatrogenic propylene glycol intoxication (e.g., because of high-dose lorazepam administration in sedated patients in an intensive care unit). [72] [73] [74] [75] [76] Laboratory confirmation of toxic alcohol ingestion is generally not rapidly available, and physicians must infer such a diagnosis by considering disorders that may necessitate immediate treatment. The osmolal gap is the difference between measured serum osmolality and calculated serum osmolality. The serum osmolality is calculated as liter). 73, 74 In ethylene glycol and methanol intoxication, the osmolal gap will be high shortly after ingestion, but substantial amounts of acids will not be generated for several hours. [72] [73] [74] [75] [76] Symptoms are considerably delayed by simultaneous ethanol ingestion because of competition for the enzyme alcohol dehydrogenase. [74] [75] [76] The use of the osmolal gap has some pitfalls. The wide normal range of the osmolal gap in the general population renders the test rather insensitive to small but potentially toxic concentrations of ethylene glycol and methanol. 74 In addition, the osmolal gap lacks specificity, given that it may also be moderately elevated in other clinical situations such as lactic acidosis, alcoholic ketoacidosis, and diabetic ketoacidosis. 74 Eva luation of the R espir at or y Component of a n Acid -Ba se Disor der
The respiratory component of an acid-base disorder can be determined by differentiating between acute and chronic respiratory acid-base disorders with the use of clinical information and calculations (Table 1 ) and the oxygenation level. Hypoxemia, a major cause of lactic acidosis, may induce respiratory alkalosis. Evaluation of the partial pressure of arterial oxygen (Pao 2 ) relative to ventilation, with the alveolar-arterial oxygen-tension difference (hereafter called the alveolar-arterial difference) taken into account, may distinguish pulmonary from extrapulmonary diseases. The difference in the partial oxygen pressures between the alveolar and arterial side of the alveolar-capillary membrane will be high if the patient has associated lung disease (Table 3) . 77, 78 The Pao 2 in the alveolus is not equal to that in the pulmonary circulation because physiological hypoventilation occurs in various portions of the lung; therefore, the alveolararterial difference will be about 5 to 10 mm Hg in healthy young persons and 15 to 20 mm Hg in healthy elderly persons. The alveolar-arterial difference is calculated as The fraction of inspired oxygen (Fio 2 ) is 0.21 in ambient air, the barometric pressure is 760 mm Hg at sea level, and the water-vapor pressure is 47 mm Hg at 37°C. The gas-exchange ratio, which is approximately 0.8 at steady-state levels, varies according to the relative utilization of carbohydrate, protein, and fat. At sea level and a body temperature of 37°C, the alveolararterial difference can be estimated 77,78 as The patient had metabolic alkalosis. The levels of pH and bicarbonate increased, but because the Paco 2 did not increase, the patient also had respiratory alkalosis, perhaps because of stress or fever. The albuminuncorrected anion gap was 16 mmol per liter; a much higher value might be indicative of additional metabolic aci dosis. Also, metabolic alkalosis, particularly that which is caused by vomiting or diuretic use, can be associated with an increment in the serum anion gap of approximately 4 to 6 mmol per liter because of an increase of the albumin concen tration and its release of protons. 33 The meta bolic alkalosis was the result of gastrointestinal losses. approach is complex and often requires cumbersome calculations that cannot be performed at the bedside. Many clinicians think that it does not provide a diagnostic or prognostic advantage 33, 42, 81 and that the large number of parameters used in calculations will increase the magnitude of variability and error. 26 The standard base-excess method accurately quantifies the change in metabolic acid-base status in vivo and is conveniently provided by the blood-gas machine. 82 However, "mixed" acid-base disorders will not be detected 42 by that method without the use of elaborate base-excess partitioning. 34, 52, 53 Therefore, in our view, the physiological approach, considered here, remains the simplest, most rigorous, and most serviceable approach to the assessment of acid-base disorders. 42 No potential conflict of interest relevant to this article was reported.
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